The ability to acquire diverse and abundant forms of iron would be expected to confer a survival advantage in the marine environment, where iron is scarce. Marine bacteria are known to use siderophores and inorganic iron, but their ability to use heme, an abundant intracellular iron form, has only been examined preliminarily. Microscilla marina, a cultured relative of a bacterial group frequently found on marine particulates, was used as a model organism to examine heme uptake. Searches of the genome revealed analogs to known heme transport proteins, and reverse transcription-quantitative PCR analysis of these genes showed that they were expressed and upregulated under iron stress and during growth on heme. M. marina was found to take up heme-bound iron and could grow on heme as a sole iron source, supporting the genetic evidence for heme transport. Similar putative heme transport components were identified in the genomes of diverse marine bacteria. These systems were found in the genomes of many bacteria thought to be particle associated but were lacking in known free-living organisms (e.g., Pelagibacter ubique and marine cyanobacteria). This distribution of transporters is consistent with the hydrophobic, light-sensitive nature of heme, suggesting that it is primarily available on phytoplankton or detritus or in nutrient-rich environments.
Acquisition of adequate iron for bacterial growth is difficult in many environments as a result of the low solubility of Fe(III) and the consequent scarcity of the element or the limited bioavailability of potential iron sources. Ingenious mechanisms to access iron have been developed by bacteria, the most well known of which is the use of siderophores, small iron-binding organic compounds, excreted to scavenge iron (39) . Capable of binding various forms of iron, siderophores serve as a general iron acquisition pathway and are employed by bacteria from the human body, where free iron is limited to impede microbial growth, to soils, where iron is abundant but present in inert mineral phases of limited bioavailability (11, 21) . However, bacteria also have the ability to directly internalize forms of iron which are abundant in their environment, most notably heme, which is a large pool of iron in organisms and represents a major source of iron for mammalian pathogens (15, 45) and may also be important for some symbiotic bacteria (40) . Targeted uptake of abundant iron forms reduces the energy and material costs associated with the production, excretion, and uptake of siderophores.
Bacterial heme uptake is accomplished by using mechanisms similar to siderophore and B 12 uptake pathways (45) . From the extracellular environment, a TonB-dependent outer membrane receptor selectively transports heme into the periplasmic space. In the periplasm, an ABC transport system consisting of a periplasmic binding protein, a membrane permease, and an ATPase is employed to transport heme into the cytoplasm (28) . Once the heme has been internalized, it may be directly incorporated into heme-containing proteins or broken down by a heme oxygenase for storage or use in other forms (47) .
In oxic marine environments, minimal inputs of iron combined with the low solubility of Fe(III) lead to subnanomolar concentrations of iron, which limit autotrophic and heterotrophic productivity in portions of the ocean (6, 7, 33) . Competition for iron among organisms is consequently expected to be intense, and the ability to access a wide range of iron compounds would be advantageous. Various marine bacteria have been shown to use inorganic iron, produce their own siderophores, and use exogenous siderophores produced by other organisms (18, 34, 52) . Some experiments indicate that marine bacteria are able to acquire iron from heme and other porphyrin complexes (52) . However, the mechanisms behind heme iron uptake and the generality of its bioavailability to marine bacteria have not been studied in detail despite heme's abundance in biological systems. In particular, because of the localization of phytoplankton iron in heme-rich photosystems, heme could represent as much as 45% of the iron in phytoplankton and form a substantial portion of particulate iron in oceanic systems (17, 46) . Bacteria living in association with phytoplankton or those involved in the recycling of particulate organic matter are especially likely to benefit from the ability to access heme iron.
The only marine bacteria in which heme uptake has been studied extensively are pathogenic marine vibrios, including Vibrio cholerae, V. vulnificus, and V. anguillarum (20, 30, 38) . The heme uptake systems in these organisms are similar to those studied in phylogenetically diverse bacteria (29, 40, 45) , suggesting that such systems could occur in other marine bacteria. However, the relevance of these systems to life in the marine environment is unclear, since heme uptake capabilities may be present in these organisms solely for use during infection.
We used the Flexibacteriaceae family member Microscilla marina, whose genome has been sequenced, as a model organism to study heme uptake. Based on 16S rRNA gene sequences, M. marina is the closest cultured bacterium to a group of organisms associated with the cyanobacterium Trichodesmium (24; E. Mann, unpublished data) and it is a member of the phylum Bacteroidetes, the members of which are abundant on marine particles (8, 9, 41) . Therefore, M. marina was considered a good representative of the marine bacteria involved in organic matter remineralization on particles where heme may be a significant source of iron. In addition, we searched the genomes of numerous marine bacteria for heme transport systems in order to assess their distribution, providing insight into the bioavailability and cycling of heme in the marine environment.
MATERIALS AND METHODS
Cell culturing. M. marina was obtained from the American Type Culture Collection (ATCC 23134) and was maintained in 2216 marine medium (Difco). For experimentation, M. marina was grown in a modified version of the Aquil medium supplemented with peptone and casein, herein referred to as PC medium (18) . Filtered (0.2 m) coastal seawater was supplemented with 1 g/liter bacteriological peptone, 1 g/liter casein hydrolysate, and 400 M ammonium chloride. Several drops of 50% NaOH were added to adjust the pH to 7.6, and the mixture was then run through a Chelex column to remove trace metals. The mixture was microwave sterilized and allowed to cool overnight. After cooling, K 2 HPO 4 (100 M), trace metals (50 M EDTA, 3.9 ϫ 10 Ϫ8 M Zn 2ϩ , 2.3 ϫ 10
Ϫ7
M Mn 2ϩ , 2.5 ϫ 10 Ϫ8 M Co, and 9.8 ϫ 10 Ϫ9 M Cu) and appropriate iron sources were added from filter-sterilized stocks. FeCl 3 stocks (5 mM and 30 M) were in 1% HCl and filter sterilized. Fe(III)-heme stocks (1.5 and 5 mM) were made up in 20 mM NaOH, Chelex treated to remove potential contaminating iron, and filter sterilized. It should be noted that although these heme stocks pass through 0.2-m filters and heme remains in suspension for several months, the stock is likely composed of small heme colloids (3) . Heme in PC medium is also expected to be in a small colloidal form (3). The cultures were axenic, and their purity was tested by plating on 2216 agar plates and examination under a microscope. M. marina cells are long filaments, up to 100 m, and readily distinguished from most contaminants. Growth was monitored by measuring optical density through a 1-cm quartz cell at 600 nm on a spectrophotometer.
Heme uptake. Gene expression. M. marina growing on different iron sources or at differing iron concentrations was harvested in mid-log phase for analysis of gene expression. Iron-replete cultures in 2216 medium were inoculated in PC medium with 30 nM added FeCl 3 and allowed to grow for 24 h, resulting in mild iron stress (data not shown). One milliliter of the mildly stressed culture was then inoculated into 20 ml of PC medium containing 30 nM added FeCl 3 , 5 M added FeCl 3 , or 1.5 M Fe(III)-heme. After 24 h of growth, cells were harvested by centrifugation and RNA was isolated with TRIzol reagent (Invitrogen) by following the manufacturer's instructions, with the exception that cells were initially incubated with TRIzol at 50°C for 30 min to lyse cells. The isolated RNA was then treated with amplification grade DNase I (Invitrogen), recovered with an RNeasy purification kit (Qiagen), and quantified by using absorbance at 260 and 280 nm measured on a spectrophotometer. Total RNA (200 ng) was reverse transcribed with random hexamer primers to produce cDNA with SuperScript II reverse transcriptase and supplied buffers by following the manufacturer's instructions (Invitrogen). Parallel reactions were run without reverse transcriptase to ensure that there was no significant contaminating DNA.
Real-time quantitative PCR (RT-Q-PCR) was performed on the cDNA to quantify relative transcript amounts on a Stratagene Mx3000P with the Brilliant Sybr green Q-PCR master mix (Stratagene) and gene-specific primers (0.42 M; Table 1 ) designed by using the draft genome of M. marina. Temperature profiles for the PCR consisted of an initial 10 min at 95°C, followed by 40 cycles of 95°C for 1 min, 30 s at an annealing temperature several degrees below the melting temperature of the primers (53 to 56°C), and 30 s at 72°C. Five dilutions of genomic DNA were analyzed for each gene to produce a standard curve for quantification of samples based on the crossing of a threshold fluorescence level chosen within the early range of exponential PCR amplification. The genomic DNA was isolated from M. marina cells grown on 2216 medium with a DNeasy kit (Qiagen) and quantified on a spectrophotometer. RNA samples processed without reverse transcriptase had no products or were amplified much later within the run than experimental samples. Melting curve analysis following the PCR and selected analysis of products by gel electrophoresis (2.2% agarose) verified that a single product of the expected length was amplified by each primer set.
Genomic analyses. Hidden Markov models (HMMs) of heme uptake protein families were used to search the genomes of M. marina and many additional marine bacteria to identify candidate heme uptake proteins. An HMM for TonB-dependent outer membrane receptors involved in heme transport was built with HMMER (12) by using a training set of functionally characterized heme transporters from diverse bacterial lineages including 19 sequences from gammaproteobacteria, 3 from betaproteobacteria, 2 from alphaproteobacteria, and 2 from Bacteroidetes, which were aligned by using ClustalX (48; see Table S1 in the supplemental material). Threshold levels for considering hits to be puta- tive heme transporters were set at scores of Ͼ100 (E value, Ͻ1 E-27) for gammaproteobacteria and Ͼ50 (E value, Ͻ2 E-12) for alphaproteobacteria and Bacteroidetes. To identify the heme transport-associated heme oxygenase, the Pfam HMM HemS (PF05171) was used and proteins with scores of Ͼ150 (E value, Ͻ1 E-45) were considered putative HemS proteins. For ABC transport components, an insufficient number of characterized heme transporters were available to construct HMMs, and so BLAST searches against the curated SwissProt database were used to identify possible heme transport sequences. Phylogenetic trees were constructed with the putative heme outer membrane receptors identified from HMM searches of marine bacterial genomes. Marine bacterial sequences and reference genes were aligned by using ClustalX, and Fitch-Margoliash trees based on protein distances were built with PHYLIP 3.6 (14) . A bootstrap analysis consisting of 100 replications was conducted, and a consensus tree was generated. 16S rRNA gene trees were constructed in a similar manner by using positions 50 to 1325 of the aligned sequences.
RESULTS
Growth experiments. The growth of M. marina was strongly limited by iron at an added inorganic iron concentration of 30 nM (Fig. 1) . Addition of 5 M Fe(III)-heme allowed growth at rates approaching those in medium containing 5 M inorganic iron. Although in the example shown ( Fig. 1 ) EDTA was present in the medium, no difference in the growth rate on heme was observed when EDTA was present or absent from the medium ( EDTA / no EDTA ratio ϭ 1.0 Ϯ 0.1, n ϭ 3). Growth on heme as a sole iron source demonstrates that M. marina is capable of accessing heme iron, but multiple mechanisms are possible, including direct uptake of heme, capture of iron through siderophores, and external degradation of heme to release inorganic iron.
Heme uptake. (Fig. 2) . Heme uptake began immediately after the compound was added, but rates appeared to decline toward the end of the experiment. In contrast, no active uptake of [ 55 Fe(III)]heme by iron-replete M. marina was observed, though there was significant nonspecific heme binding similar in magnitude to heme binding to glutaraldehyde-killed cells (data not shown).
Putative heme uptake gene cluster. By HMM and BLAST searches, a cluster of genes was identified in the draft genome of M. marina with similarity to heme uptake genes of other bacteria (Table 2 ). An HMM search for heme outer membrane receptors identified a sequence (EAY29123) as the best candidate for a heme receptor, though its best BLAST hit in the Swiss-Prot database was a colicin receptor. Lack of conservation in TonB-dependent receptors makes identification of substrate specificity difficult, but an adjacent downstream gene (EAY29122) had similarity to the HmuY heme transport protein of Porphyromonas gingivalis and no significant similarity to other proteins in the P. gingivalis genome or in the Swiss-Prot database (Table 2 ). In P. gingivalis, hmuY is part of the heme uptake operon though its precise function is unknown (29) . Also present in the M. marina gene cluster is an ABC transport system consisting of a periplasmic binding protein (hmuT), an inner membrane permease (hmuU), and an ATPase (hmuV) which powers substrate transport, with best BLAST hits in the Swiss-Prot database to heme transport components of Yersinia pestis (49) . Downstream of this ABC transport system is a gene that encodes a protein which BLAST and HMM searches indicate is very similar to the HemS family of proteins often found in heme transport operons and thought to be a heme oxygenase used to free iron from transported heme (47) . The colocation of these genes in an operon-like structure provides additional evidence that the genes are involved in heme transport and possibly coregulated.
Expression of iron uptake genes. Expression of the putative heme transport genes identified by bioinformatic analyses was examined under differing conditions of iron availability by RT-Q-PCR. Compared to growth under iron-sufficient conditions (5 M FeCl 3 ), all putative heme transport genes were upregulated 28-to 700-fold under iron stress (30 nM FeCl 3 ; Fig. 3 ). In M. marina, hmuY was the most strongly upregulated gene examined. A similar result was obtained with P. gingivalis, where the HmuY protein is the major protein upregulated under iron stress (29) . Differential expression was observed within operon-like regions of the M. marina putative heme uptake cluster, but similar results have been seen in other heme transport gene clusters (29) . The putative heme transport genes were upregulated to similar extents during growth on 1.5 M Fe(III)-heme (Fig. 3) , and transcript levels were also similar (data not shown).
The expression of two putative siderophore biosynthetic genes was also examined for comparison with heme uptake components ( Fig. 3; Table 1 ). M. marina has a complement of siderophore synthesis genes (EAY27067 to EAY27071) which appears to allow for the production of a rhizobactin 1021-like siderophore, and the genes are named in accordance with their homologs in the rhizobactin 1021 biosynthesis pathway (31) . rhbB in M. marina has strong similarity to the rhbB gene product (GenBank accession no. AAK65917) of Sinorhizobium meliloti (36% identity, 55% similarity), which decarboxylates a siderophore precursor (31) . M. marina also contains a gene with two domains, one of which has strong similarity to rhbF, a siderophore synthase of S. meliloti (AAK65921; 30% identity, 50% similarity). The second domain of the M. marina protein is similar to an acyl coenzyme A transferase involved in rhizobactin 1021 synthesis (rhbD, AAK65919; 25% identity, 46% similarity), suggesting that these genes have been fused in M. marina (5, 31) . Both of these genes are upregulated in M. marina under iron stress and when it is growing on heme (Fig. 3) . Three members of the Fur metalloregulatory protein family were identified in the M. marina genome (EAY24380, EAY30621, and EAY31090). Only EAY31090 responded to iron stress or growth on heme, being upregulated under both conditions, which suggests that it may be an iron metalloregulatory protein (Fig. 3) (13) .
Transcript quantities were normalized to total RNA, which is predominately rRNA. The essentially constant expression levels of two genes involved in DNA and RNA polymerization and commonly used as controls, rpoD and gyrA (10) , confirm that the observed upregulation of putative heme transport genes is not due to changes in the proportion of rRNA relative to mRNA under differing growth conditions (Fig. 3) .
Heme uptake genes in marine bacteria. As with M. marina, the genomes of 148 additional marine bacteria were searched for heme transport components. These bacteria are primarily from the water column, though some are from sediments. A representative subset of the results which demonstrates trends in the distribution of putative heme transporters and illustrates their potential phylogenetic diversity is presented here ( Table S2 in the supplemental material. Searches with the heme outer membrane receptor HMM yielded some high-scoring sequences in the gamma-and alphaproteobacteria, and additional sequences with intermediate scores which may also be heme transporters were identified (see Table S2 in the supplemental material). The top hits to this HMM from each genome were tested with the Pfam PF00593 model for TonB-dependent outer membrane receptors (see Table S2 in the supplemental material). Sequences which scored above the trusted cutoff threshold on this model, and thus appeared to be TonB-dependent receptors, were used to construct a phylogeny to determine where they clustered in relation to known heme receptors. High-scoring receptors from gammaproteobacteria (e.g., Pseudoalteromonas haloplanktis, Photobacterium profundum 3TCK) and alphaproteobacteria (e.g., Parvularcula bermudensis, Oceanicaulis alexandrii) were closely associated with characterized heme outer membrane receptors with high bootstrap support. These sequences formed a distinct clade from siderophore and B 12 outer membrane receptors, strongly suggesting that the genes also code for heme receptors ( Fig. 4; see Fig. S1 in the supplemental material). In the alphaproteobacteria, an additional group composed predominately of Roseobacter sequences with intermediate heme outer membrane receptor HMM scores was formed (see Fig. S1 in the supplemental material). These sequences are likely to be heme transporters given their proximity to HemS proteins in the genomes of these roseobacters (see below). Because of the lack of characterized outer membrane receptors in members of the phylum Bacteroidetes, phylogenetic analysis of putative heme transporters in this group was not possible.
Sequences with high similarity to the HemS family of heme transport proteins were identified by using an HMM model in many gamma-and alphaproteobacteria and in two Bacteroidetes members (see Table S2 in the supplemental material). The greater conservation of HemS and lack of affiliated pro- a Except HmuY, which had no hits in the Swiss-Prot database and instead was searched against the GenBank nonrepetitive database. The best hit with functional annotation is reported for this gene. The genes form a cluster and are listed in the order in which they appear in the genome. In 20 of the 25 genomes in which a putative hemS gene was identified, the sequence was located adjacent to, or within several genes of, the top hit to the heme outer membrane HMM (for the accession numbers, see Table S2 in the supplemental material). This association provides further evidence that the identified sequences encode proteins involved in a coordinated process, i.e., heme transport. In particular, this finding suggests that the Roseobacter sequences with scores intermediate between the heme outer membrane receptor HMM and adjacent hemS genes are involved in heme transport. In many cases, ABC transport systems were also present in the genome neighborhood, but these transporters were not examined in more detail as it is difficult to determine their substrate specificity.
DISCUSSION
Defining the dominant routes of iron cycling in oceanic ecosystems will allow a better understanding of how this limiting micronutrient controls productivity and ecosystem structure in significant portions of the ocean. One current theory, based on iron uptake studies, is that siderophore-bound iron may be more accessible to marine bacteria, while heme sources might be taken up predominately by eukaryotes, leading to the possibility that the availability of these different forms of iron could modify community structure (23) . However, it is well established that many bacteria are capable of using heme, although the presence of heme uptake pathways in marine bacteria have not been well investigated. In this study, the ability of a particle-associated marine bacterium, M. marina, to use heme as an iron source was investigated by physiological and molecular techniques. Finding evidence that this bacterium can transport heme-bound iron, we carried out genomic searches of other marine bacteria to understand the prevalence and ecological role of the heme transport pathway in the marine environment.
Putative heme transport cluster in M. marina. In the draft genome of M. marina, a cluster of putative heme transport genes, including an outer membrane receptor, an ABC transport system, and a heme oxygenase, was identified based on sequence similarity to known heme transport systems (Table  2) . Because TonB-dependent outer membrane receptors and ABC transport proteins are involved in the uptake of many (45) , the presence of additional genes with similarity to proteins specifically involved in heme transport aided the identification of the substrate specificity of the uptake system. These genes encode a heme oxygenase (hemS) and an outer membrane hemebinding protein (hmuY) and may be used to help identify heme transporters in bacterial genomes (see below) or to study organisms responsible for heme uptake in the environment (29, 43, 44, 47) . Analysis of gene expression showed that the putative heme transporter genes are expressed and upregulated under ironlimiting conditions and during growth on Fe(III)-heme as an iron source (Fig. 3) . These results are consistent with the putative role of the cluster in heme transport, but there is no evidence for selective upregulation of the cluster during growth on heme. When M. marina is iron limited or growing on Fe(III)-heme, the expression profiles of putative heme transport and siderophore biosynthesis genes are extremely similar, suggesting similar physiological states (Fig. 3) . Growth on Fe(III)-heme appears to induce iron stress and an activation of many iron acquisition mechanisms, including heme and siderophore uptake pathways, rather than specific upregulation of heme uptake systems. General responses to iron availability are often regulated by Fur proteins (13) . A putative fur gene has been identified and found to be upregulated under iron stress in M. marina, providing a potential mechanism for the observed response (Fig. 3) . In some cases, TonB-dependent receptors participate in their own regulation, acting as both transporters and sensors of their substrate (26, 27) . However, HmuR in M. marina lacks the N-terminal domain involved in signal transduction, nor are anti-sigma factors or extracytoplasmic function sigma factors involved in signaling located near the putative heme transport cluster (data not shown). This suggests that M. marina cannot sense external heme and must rely on a general iron-responsive element for regulation, consistent with the observed upregulation of multiple iron uptake pathways during growth on Fe(III)-heme.
The genetic evidence that M. marina contains a heme transporter is also supported by physiological studies showing that M. marina is capable of taking up heme-bound iron(III) and can grow on heme as a sole iron source. Uptake of 55 Fe from [ 55 Fe(III)]heme was observed under iron-limited conditions but suppressed under iron-replete conditions, showing that uptake was mediated by an iron-regulated pathway and consistent with gene expression patterns of the putative heme uptake cluster (Fig. 2) . While internalization of 55 Fe from [ 55 Fe(III)]heme does not conclusively demonstrate that the entire heme molecule was transported, the uptake was rapid and immediate, which might not be expected under some alternate explanations for 55 Fe uptake such as siderophore uptake. Siderophores would need to be excreted into the uptake medium and extract iron from heme prior to initiation of FIG. 5 . Distribution of putative heme transport components (outer membrane receptors and heme oxygenases) with respect to bacterial phylogeny. The tree is an unrooted 16S rRNA gene tree of representative marine bacteria whose genomes were searched for heme uptake components constructed by the Fitch-Margoliash method in PHYLIP 3.6 and bootstrapped with 100 replicates. Positions 50 to 1325 of the 16S rRNA gene with respect to the E. coli sequence were used in this analysis. The scale bar indicates distance in substitutions per site. Organisms which had a good hit to the heme receptor HMM (scores of Ͼ100 and E values of Ͻ1 E-27 in gammaproteobacteria; scores of Ͼ50 and E values of Ͻ2 E-12 in alphaproteobacteria and members of the phylum Bacteroidetes) are in bold, and organisms with a HemS-type heme oxygenase (HMM scores of Ͼ150 and E values of Ͻ1 E-45) are underlined. uptake. M. marina has the ability to grow on Fe(III)-heme as an iron source, and though this may be mediated by multiple iron uptake pathways, it is consistent with the presence of a heme transport system. While genetic manipulations, including knockout experiments, could provide more definitive evidence that the putative heme transport cluster is responsible for heme uptake, such techniques are not currently available for M. marina, nor have they been developed for other, related, marine bacteria. However, the strong sequence similarity of the cluster to known heme transport proteins and its regulatory behavior, in conjunction with physiological evidence demonstrating M. marina's capability to access heme bound iron(III), strongly suggest that the cluster is involved in heme transport. Distribution of putative heme transport genes in marine bacteria. Having examined the putative heme transport system in M. marina, we searched the genomes of numerous marine bacteria for related transport systems to better understand the distribution of heme uptake capabilities and the role of heme in the marine iron cycle. Putative heme transport systems were identified in representatives of the gamma-and alphaproteobacteria and the phylum Bacteroidetes based on the identification of a putative heme receptor and, in certain cases, a HemS-type heme oxygenase colocated in the genome (Fig. 5) . The most notable feature in the distribution is a lack of heme transporters in known free-living bacteria, including Pelagibacter ubique, Silicibacter pomeroyi, and all marine cyanobacteria (16, 36, 37) . In fact, these organisms do not appear to have any TonB-dependent receptors, as no candidate sequences were identified by using the Pfam PF00593 HMM for TonB-dependent outer membrane receptors (data not shown). Putative heme transporters were generally found in bacteria from taxa known to be associated with particles such as vibrios, roseobacters, and members of the phylum Bacteroidetes (8, 9, 19, 41) .
The Roseobacter clade, in which the habitats of sequenced representatives have been examined (37) , provides a good example of this distribution of heme transporters (Fig. 5) . S. pomeroyi, which is thought to be mainly free living (36, 37) , lacks putative heme transporters along with other TonB-dependent receptors. In contrast, sulfitobacters and Silicibacter sp. strain TM1040, which have been found associated with dinoflagellates (1, 25) , possess putative heme transporters ( Fig.  5 ; see Table S2 in the supplemental material). These putative heme receptors are among the few TonB-dependent receptors in the genomes, and in fact in Silicibacter sp. strain TM1040, the putative heme receptor is the only TonB-dependent receptor, implying that the ability to access heme is especially important for the survival of this bacterium.
Although major advances have been made in understanding the distribution of iron concentrations in the ocean (35) , characterization of iron speciation at the molecular level and a mechanistic understanding of iron fluxes have been difficult to achieve as a result of the low concentration and complicated chemistry of iron. Organically complexed iron is known to dominate the dissolved iron pool, and microorganisms must access some component of this iron to maintain observed growth rates (2, 23, 32, 42) . The iron acquisition strategies employed by marine microorganisms may provide greater insight into the forms and cycling of oceanic iron, as competition for iron is expected to result in selection of uptake mechanisms capable of accessing iron species which are abundant in an organism's environment. The presence of putative heme transporters in bacteria from taxa which are abundant on particles and their absence in free-living bacteria indicate that heme is primarily available in or near particles but is not present in seawater at significant concentrations in the dissolved form (Fig. 5) . This hypothesized distribution is consistent with the hydrophobic, light-sensitive nature of heme, its tendency to form aggregates, and preliminary data on iron-porphyrin distributions in aquatic environments (3, 51, 53) . As a major intracellular form of iron, heme may be an important iron source for bacteria living in association with other organisms, although the actual distribution of heme in the ocean has yet to be determined (17) . Cell lysis or death may free heme for use by other bacteria, though its light sensitivity and hydrophobicity will likely minimize its importance in the dissolved phase. Particle-associated bacteria play an important role in the marine iron cycle, directly recycling cellular iron forms such as heme from phytoplankton or detritus which might otherwise be lost from the ecosystem due to sinking fluxes (50) .
